High-index dielectric nanoparticles support leaky geometrical resonances in the visible spectral range with large interaction cross sections, and find applications in nanoscale optoelectronic devices and surface coatings. Coupling between such resonant nanoparticles in close proximity can give rise to enhanced directionality and confinement. Here, we combine dark-field (DF) scattering spectroscopy with cathodoluminescence (CL) imaging spectroscopy to study hybridization of resonant modes in coupled silicon nanoparticles and directly image the modal field profiles of these hybridized eigenmodes. The DF measurements show a strong influence of the gap size on the scattering spectrum as a result of hybridization. Using finite-element modeling we calculate the eigenmodes of the dimer and identify the hybridized eigenmodes in the scattering spectrum. CL imaging spectroscopy is used to directly map the modal field profiles of single particles and dimer structures with deep-subwavelength spatial resolution. Detailed comparison with eigenmode calculations shows that the measured modal field profiles correspond to the hybridized symmetric electric and antisymmetric magnetic bonding modes. We study dimers composed of large dielectric bars to explore the ability of CL imaging to map highly complex hybridized field profiles inside resonant nanostructures. Our results demonstrate the ability to characterize the complex resonant properties of coupled nanostructures, paving the way for more complex applications and devices based on resonant dielectric nanoparticles.
INTRODUCTION
Dielectric nanostructures with a high refractive index exhibit geometrical resonances that allow for strong scattering and confinement of light at the nanoscale [1] [2] [3] . These properties have resulted in widespread application of dielectric resonators in nanoscale or nanopatterned devices, including photodetectors [4, 5] , lasers [6] [7] [8] , and solar cells [9] [10] [11] [12] . High-index dielectric particles support both electric and magnetic modes in the visible and near-IR spectral range [1, [13] [14] [15] [16] . Interference between the magnetic dipolar (MD) and electric dipolar (ED) modes can be used to engineer strongly directional scattering profiles [17] [18] [19] , and realize all-dielectric low-loss metamaterials [20] [21] [22] [23] and metasurfaces [24, 25] .
To fully exploit the potential of dielectric resonators in more complex structures and devices, a fundamental understanding of the resonant properties of individual nanoparticles is essential. Recently, we used cathodoluminescence (CL) imaging spectroscopy to study the resonant properties of single Si nanoparticles [26] . Using the high spatial resolution of CL, we systematically mapped the resonant modes in single silicon nanocylinders as a function of particle diameter. Here, we study how resonant particles that are placed in close proximity interact and how their resonant modes are modified.
Recently, coupled dielectric resonators have attracted widespread attention due to their ability to enhance the scattering directionality and concentration of light compared to a single particle. For example, Si dimers and trimers are known to exhibit strongly directional scattering as a result of coupled resonances [27, 28] . Furthermore, electric and magnetic field enhancements in the gap of dielectric dimers have been studied theoretically [27, 29] and demonstrated experimentally [30] . Similar to the hybridization of electric modes in plasmonic dimers [31, 32] , coupling between electric and magnetic dipolar modes in dielectric resonators can give rise to hybridization, resulting in symmetric and antisymmetric bonding modes [29, 33] . The hybridization of ED and MD modes in Si spheres on glass has been studied experimentally using dark-field (DF) spectroscopy [33] . Despite the fact that DF spectroscopy gives spectral information on scattering by hybridized resonant modes, it does not give any insight into the hybridized spatial field profiles. Scanning near-field optical microscopy (SNOM) has been used to map hybridized field profiles in plasmonic dimers, where the electromagnetic fields are primarily localized on the surface of the nanostructures [34] . For dielectric particles, on the other hand, the fields are mainly concentrated inside the nanoparticles, giving rise to a reduced near-field intensity [29] . Although SNOM can be used to map the local field enhancements [30] , it is unable to map the hybridized modal field profiles inside the particles.
Here, we combine DF spectroscopy with CL imaging spectroscopy to directly image the field profiles of the hybridized eigenmodes inside coupled Si nanoparticles. We fabricate both isolated and coupled Si cubes instead of spheres to reduce the effective gap size and thereby enhance the interparticle coupling. Using DF spectroscopy, we study the influence of gap size on the scattering spectrum and show strong spectral splitting as a result of mode hybridization. We use finite-element modeling to calculate the eigenmodes of the single cubes and dimers, and identify the hybridized eigenmodes. Next, we use CL imaging to directly map the field profiles of the isolated particles and hybridized modes in coupled nanoparticles. Finally, we image the field profiles of larger rectangular dimers and map the complex hybridization modes with deep-subwavelength resolution.
FABRICATION
Single crystalline Si cubes and dimers with spacing in the range of 0-100 nm were fabricated on a thin SiO 2 layer, supported by a thick Si wafer. Starting with a silicon-on-insulator wafer (100 nm Si layer and 300 nm SiO 2 layer on a Si substrate), the top layer was patterned into nanostructures. First, electron beam lithography was used to write squares and dimers into a negative-tone electron beam resist to form an etch mask. Second, the pattern was etched into the Si top layer using anisotropic reactive-ion etching. Third, the etch mask was removed using a short wet etch in hydrofluoric (HF) acid. See Supplement 1 for the details of the fabrication process.
The resulting Si cubes are 90 nm wide, 100 nm tall, and have rounded edges. Figure 1 shows scanning electron micrographs (SEMs) of the particles [ Fig. 1(a) ] and of a focused ion beam (FIB) cross section [ Fig. 1(b) ] of the resulting dimer. A protective layer of Pt was deposited using electron-beam-induced deposition to improve the quality of the FIB cross section. The cubical shape of the individual nanoparticles is clearly visible. Furthermore, a small underetch of the SiO 2 layer as a result of the HF etch can be observed. The dimers were spaced 5 μm apart, such that experiments could be performed on isolated particles and dimers.
DF SPECTROSCOPY
To study the hybridization of the eigenmodes, we start by using optical DF backscattering spectroscopy to measure the scattering spectra of the single particles and the dimers with different particle spacing. Single particles and dimers were illuminated with unpolarized white light, and scattered light in the 430-570 nm spectral range was collected by a 100 × microscope objective (0.9 NA) and analyzed using a spectrograph with a CCD camera (see Supplement 1 for experiment details). Figure 2 shows the DF spectra and corresponding SEM images for a single particle (blue), and for dimers with a spacing of 100 nm (green), 25 nm (yellow), and 0 nm (orange). The spectra for a rectangle (red) and the flat substrate next to the particles (gray) are also shown for reference.
Two clear resonant peaks at λ 430 nm and λ 485 nm can be observed for the single particle. These peaks originate from resonant scattering by the in-plane MD (λ 485 nm) and inplane ED (λ 430 nm) modes [15, 29, 30, 33, 35] . These modes are degenerate in both in-plane directions as a result of symmetry. For a dimer with spacing sp 100 nm, defined as the size of the gap between particles, the scattering spectrum strongly resembles that of the single particle, which indicates the lack of coupling. However, the resonance wavelengths strongly shift when the spacing is reduced to 25 nm. The peak at λ 485 nm broadens into two separate peaks, which indicates hybridization of the localized modes [33] . A small redshift to λ 435 nm is observed for the ED mode, and the MD mode broadens into two modes at λ 480 nm and λ 495 nm as a result of hybridization, leading to a 5 nm blueshift and 10 nm redshift compared to the single-particle spectrum, respectively. A drastic transformation of the scattering spectrum is observed as the particles physically connect (sp 0 nm, orange). The lowest energy mode strongly redshifts, and higher-order modes appear. These correspond to the resonant modes of the new structure formed by the touching cubes, which is confirmed by the strong resemblance to the scattering spectrum of the rectangle (red).
To explain the origin of the splitting observed for 25 nm spacing (yellow spectrum in Fig. 2 ), we use finite-element Dark-field scattering spectra for a single square (blue), dimers with various spacing, and a rectangle (red). The spectrum for the flat background is also shown (gray). Note that each spectrum is normalized to 1 separately and displayed with a vertical offset for visibility. SEM images of the corresponding particles taken at normal incidence are shown on the right. The scale bar in all images is 100 nm.
calculations [36] to find the eigenmodes of the dimer structure. We assume the cubes are nondispersive and lossless with ϵ r 20, and neglect the substrate. Although a multilayer substrate can significantly modify the line width [37] and excitation efficiency of modes [35] , the influence of the substrate on the eigenmode field profile was found to be minor. Note that due to these assumptions, the calculated eigenfrequencies do not directly match the measured resonance wavelengths. See Supplement 1 for details on the finite-element calculations.
We focus on the coupling between the in-plane MD modes, and assume that the DF illumination does not introduce any asymmetry. As a result, only symmetric modes that can be excited by incident plane waves are considered. This assumption has been demonstrated to accurately describe DF scattering spectra of hybridized spherical Si particles on a glass substrate [33] . Under these conditions, two hybridized bonding modes are found that both can be excited directly by incident plane waves. . The large imaginary part indicates that these modes exhibit strong radiative damping. The spectral spacing between the calculated eigenmodes is 16.5 nm, which corresponds well to the experimentally observed splitting in Fig. 2 Figs. 3(e) and 3(f )] as a result of the magnetic dipole moment. Finally, the blueshift of the symmetric m y − m y bonding mode (λ 480 nm) and redshift of the symmetric m x − m x bonding mode (λ 495 nm) with respect to the single-particle spectrum (λ 485 nm) are in agreement with theoretical predictions [29] and DF scattering measurements of spherical dimers [33] .
Interestingly, the peak corresponding to the symmetric p x − p x bonding mode is not clearly visible in the scattering spectrum (Fig. 2 ). This mode has been shown to redshift and significantly broaden compared to the single-particle p x mode due to enhanced radiative damping, effectively covering the entire experimental spectral range. We attribute the remaining peak at λ 435 nm to the symmetric p y − p y bonding mode, which can be distinguished using polarization-resolved DF scattering spectroscopy [33] .
CATHODOLUMINESCENCE SPECTROSCOPY
After the observation of hybridization in the DF scattering spectra, we use CL imaging spectroscopy to study the resonant modes in more detail. CL spectroscopy uses a focused 30 keV electron beam in a scanning electron microscope as a broadband light source to locally excite the sample [38, 39] . The high spatial resolution of the source allows for deep-subwavelength mapping of the optical modes [40] , and has been used to study resonant modes in both metallic [41] [42] [43] [44] [45] and dielectric [26, 40] nanophotonic structures. Furthermore, the electron beam is an azimuthally symmetric point source that primarily couples to the vertical component of the electric field [46] , which allows for the excitation of eigenmodes that are difficult to excite with plane waves due to the antisymmetric character of their mode profiles (i.e., symmetric charge distribution). Similar to the results obtained for single Si nanocylinders [26] , this experimental technique allows for spatial and spectral mapping of the resonant modes inside our Si dimers. Here, we apply this technique to directly image the field profiles of hybridized eigenmodes.
A. Single Particle
Before considering the dimers in CL, we first study the resonant modes of a single Si cube. In the experiment, we scan the electron beam over the sample in 8 nm steps and collect a full CL spectrum at each pixel. Next, the background originating from the substrate is subtracted, and we sum over the pixels corresponding to the particle to obtain the CL spectrum (see Supplement 1 for experiment details). Figure 4 (a) shows the CL spectrum for a single Si cube. Two clear peaks can be observed at λ 485 nm and λ 430 nm, and the shoulder of a third peak around λ 390 nm. For λ > 500 nm, a high but flat background signal is observed, which is caused by imperfect subtraction of the large background signal Research Article induced by defect luminescence in the SiO 2 layer. Note that the resonant wavelengths show excellent agreement with the DF scattering spectrum for the single particle (blue line in Fig. 2) , which indicates the peaks at λ 485 and 430 nm correspond to the in-plane MD and ED modes, respectively.
To characterize the spatial mode profile, Fig. 4(b) shows the two-dimensional CL intensity maps for wavelengths corresponding to all three resonant peaks. For λ 390 nm, the CL intensity is the maximum in a bright spot in the center. For λ 430 and 485 nm, on the other hand, a clear ring of maximum intensity is observed along the circumference of the particle, although the low intensity in the center of the ring is more pronounced for λ 430 nm than for 485 nm.
To corroborate that the electron beam couples to the in-plane ED and MD modes, we calculated the eigenmodes for an individual cube and compared them to the CL intensity maps. Since the electron beam primarily couples to the vertical component of the electric fields [46] , we now consider jE z j 2 only, and not jEj 2 . Three different eigenmodes are found for the single particle that can be excited by electron irradiation along the z axis [see Fig. 4(d) for schematics]. Figure 4 (c) presents cross cuts along the x-y plane showing jE z j 2 for the p z mode (left), the degenerate p x;y mode (center), and the degenerate m x;y mode (right). Here, p i refers to an electric dipole moment along the i axis. Note that the degeneracy is taken into account by averaging the modal intensity profiles over both orientations. Furthermore, note that E z 0 in the plane across the middle of the particle for p x;y . For this reason, the cross cut is taken 25 nm above the center of the particle, where E z is nonzero.
The bright spot in the center for λ 390 nm is clearly reproduced by the field profile of the out-of-plane p z mode, which has a higher eigenfrequency due to the asymmetry of the particle induced by the nonunity aspect ratio. Also, the rings of high intensity observed for λ 430 nm and λ 485 nm [ Fig. 4(b) ] are well reproduced by the E z fields of the in-plane p x;y mode and in-plane m x;y mode, respectively. Altogether this confirms that the peaks at λ 430 and 485 nm correspond to the in-plane ED and MD modes, respectively, and demonstrates that CL spectroscopy allows for systematic mapping of the modal field profiles inside the particles with deep-subwavelength resolution. Note that higher-order modes (e.g., electric and magnetic quadrupole) are also supported outside of our experimental spectral range.
B. Dimers
Next, we study coupled dimer structures. Figure 5 compares the normalized CL spectrum for a single cube (blue) with that for dimers with varying spacing and a rectangle (red). Analogous to the trends in the DF scattering spectra in Fig. 2 , the CL spectrum for 100 nm spacing strongly resembles that of the single particle, which indicates weak coupling. However, for 25 nm spacing the CL spectrum changes drastically, showing a nearly flat high intensity for λ > 430 nm, which indicates efficient excita- Research Article tion of a wide range of (hybridized) modes. Note that the electron beam also couples to antisymmetric eigenmodes, which were not considered for plane wave excitation in Fig. 2 . For touching particles sp 0, the lowest-order mode strongly redshifts to λ ∼ 530 nm, and resonance peaks corresponding to higher-order modes occur. The resonant peaks observed for sp 0 are attributed again to the geometrical modes of a rectangle, which shows a very similar spectrum (red). The spectrum for sp 0 shows a small redshift with respect to that of the rectangle due to the slightly longer effective length of the touching cubes.
We now examine the spatial CL intensity maps of the hybridized modes for sp 25 nm. Due to the local excitation of the electron beam, both symmetric and antisymmetric combinations of the ED and MD modes are excited in the hybridized system, with large spectral overlap. As a result, the two-dimensional CL intensity maps are comprised of multiple (hybridized) eigenmodes. However, two dominant hybridized mode profiles are clearly visible. Figure 6(a) shows the spatial CL intensity maps for λ 450 nm and λ 490 nm. The strong asymmetry in the intensity profile of the individual dimer particles is a direct indication of hybridization, and well-defined modal field profiles can be observed in Fig. 6(a) . For λ 450 nm, high CL intensities are located at the outside of the dimer, whereas high intensities are located near the center of the dimer for λ 490 nm [see Fig. 6 (b) for cross cuts]. Note that for very small spacing, heterogeneous coupling (between ED and MD modes) may also play a role [33] .
To further study the hybridization observed in Fig. 6(a) , we reconsider the calculated eigenmodes and compare them with the two-dimensional CL intensity maps. Figure 6 (c) shows cross cuts of jE 2 z j for the symmetric p x − p x bonding mode (left) and the antisymmetric m y − m y 0 bonding mode (right), where y 0 refers to the opposite orientation of y. The corresponding eigenfrequencies are f p x −p x 728 148i THz and f m y −m y 0 582 9i THz, respectively. Schematic representations of the hybridized modes are shown in Fig. 6(d) .
We argue that Fig. 6(a) shows modal field maps of the symmetric p x − p x and antisymmetric m y − m y 0 hybridized modes, respectively, for four reasons. (i) The calculated field profiles strongly resemble the corresponding measured intensity maps. The lack of high field intensity in the middle of the CL map for λ 450 nm is attributed to the finite size of the electron beam and the strong local asymmetry in the field profile. To illustrate this, Fig. 6(d) shows the dipole orientation (left). At the center of the dimer, the E z fields of the dipoles have an antiparallel orientation, which limits the excitation efficiency by the symmetric field of the electron beam. (ii) The symmetric p x − p x (λ 450 nm) bonding mode is strongly redshifted with respect to the p x mode of the single particle (λ 430 nm), which is consistent with earlier work [33] . The resonance wavelength for the m y − m y 0 mode (λ 490 nm), on the other hand, shows only a weak redshift compared to the single-particle m y mode (λ 485 nm). The relatively large and small spectral shifts are also consistent with those obtained from the calculated eigenfrequencies. (iii) The spatial intensity profile observed for λ 450 nm (left) dominates the CL intensity maps over a large spectral range (430 < λ < 480 nm), while the spatial intensity profile observed for λ 490 nm (right) is relatively weak and is only observed for a narrow spectral range. This is in agreement with previous work [33] , which showed that the symmetric p x − p x bonding mode dominates the scattering spectrum over a wide spectral range. (iv) The imaginary part of the calculated eigenfrequencies matches this trend: If p x −p x 148 THz (Q ∼ 5), which indicates large radiative losses as a result of the large effective dipole moment, corresponding to a large bandwidth. If m y −m y 0 9 THz (Q ∼ 65), on the other hand, indicates weak radiative losses due to the weak coupling to plane waves as a result of the modal asymmetry, corresponding to a narrow line width. Altogether, Fig. 6 shows that CL can be used to directly map modal field profiles of both symmetric and antisymmetric hybridized eigenmodes.
C. Rectangular Dimers
Finally, to map hybridized eigenmodes with further increased complexity, we focus on a larger dimer structure that exhibits higher-order modes and more complex modal field profiles. The dimer is comprised of two rectangular bars with a 100 nm width and height, 300 nm length, and 35 nm spacing [see Fig. 7(b) ]. These individual resonators have well-defined leaky resonances that can be described theoretically as modified Fabry-Perot modes [3] .
The individual bars exhibit a large collection of geometrical modes as a result of their size, and each mode gives rise to a distinct resonant peak in the CL spectrum [ Fig. 7(a), blue curve] . Coupling among the large number of modes results in a broad range of hybridized modes, giving rise to even more resonant peaks with strong spectral overlap [ Fig. 7(a), red curve] . 
Research Article
Unlike DF spectroscopy or SNOM measurements, the modal field maps measured by CL imaging can be used to resolve the individual modes. We present six examples of CL intensity maps that unambiguously show field profiles of hybridized resonant modes. Figures 7(c)-7(h) display the measured mode maps for different wavelengths in the range λ 390-530 nm, showing highly complex modal profiles inside the individual bars corresponding to higher-order modes. High field intensities at the center or outside of the dimer are a direct indication of hybridization. This example demonstrates how CL can be used to directly map complex hybridized field profiles inside single nanostructures, which allows for detailed characterization of resonant modes of coupled structures.
CONCLUSIONS
In conclusion, we have demonstrated direct imaging of hybridized eigenmodes in coupled resonant silicon nanoparticles. Using DF spectroscopy, we studied the influence of gap size on the scattering spectrum and showed strong spectral broadening as a result of mode hybridization. Using finite-element modeling, we analyzed the eigenmodes of the coupled nanoparticles and identified the hybridized modes that dominate the scattering spectrum. CL imaging spectroscopy was used to directly image the modal field profiles of individual and coupled nanoparticles with deepsubwavelength resolution, showing strongly hybridized field profiles. Detailed analysis of the CL results and eigenmode calculations showed that the measured modal field profiles correspond to the hybridized symmetric p x − p x and antisymmetric m y − m y 0 bonding modes. Finally, we studied dimers composed of large dielectric bars to explore the ability of CL imaging to map highly complex hybridized field profiles inside single resonant nanostructures. Our results demonstrate the ability to characterize the complex resonant properties of coupled nanostructures. Based on a detailed fundamental understanding of coupled resonators, nanostructures with accurately engineered field confinement and scattering profiles can be designed, paving the way for more complex structures and next-generation devices.
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